Prostaglandin E2 (PGE2) is a key mediator of inflammation and contributes to pain hypersensitivity by promoting sensory neurons hyperexcitability. PGE2 synthesis results from activation of a multi-step enzymatic cascade that includes cyclooxygenases (COXs), the main targets of non-steroidal anti-inflammatory drugs (NSAIDs). Although NSAIDs are widely prescribed to reduce inflammatory symptoms such as swelling and pain, associated harmful side effects restrict their long-term use. Therefore, finding new drugs that limit PG production represents an important therapeutic issue. In response to peripheral inflammatory challenges, mice lacking the ATP-gated P2X4 channel (P2X4R) do not develop pain hypersensitivity and show a complete absence of inflammatory PGE2 in tissue exudates. In resting conditions, tissue-resident macrophages constitutively express P2X4R. Stimulating P2X4R in macrophages triggers calcium influx and p38 MAPK phosphorylation, resulting in cytosolic PLA2 (cPLA2) activation and COX-dependent release of PGE2. In naive animals, pain hypersensitivity was elicited by transfer into the paw of ATP-primed macrophages from wild type, but not P2X4R-deficient mice. Thus, P2X4Rs are specifically involved in inflammatory-mediated PGE2 production and might therefore represent useful therapeutic targets.
Introduction
Prostaglandins (PGs) are well-established mediators of inflammation. Prostaglandin E2 (PGE2), the main PG produced during inflammatory response, triggers pain hypersensitivity by promoting nociceptors sensitization and hyperexcitability (Portanova et al, 1996; Samad et al, 2002) . Non-steroidal anti-inflammatory drugs (NSAIDs) are powerful analgesic molecules that inhibit cyclooxygenases (COXs), key enzymes of PG biosynthetic pathways. However, the beneficial effects of these drugs are counter balanced by severe long-term side effects such as gastric ulcerations or cardiovascular dysfunctions due to concomitant inhibition of homeostatic functions of prostanoids (Samad et al, 2002) . Hence, it is important to get a better understanding of the specific signalling pathways leading to PG synthesis during inflammation. The first enzymatic step of PG biosynthesis is release of arachidonic acid (AA) from membrane phospholipids by the action of phospholipases A2 (Kudo and Murakami, 2002) . Among different PLA2s, the cytosolic PLA2 a (cPLA2) has been directly linked to PGE2 release associated with inflammation and pain (Bonventre and Sapirstein, 2002; Lucas et al, 2005) . The enzymatic activity of cPLA2 is highly controlled by intracellular calcium and phosphorylation (Gijon et al, 2000) , and among the different extracellular signalling molecules capable of triggering a calcium rise, ATP is an efficient activator of cPLA2 in vitro (Balboa et al, 1999) .
Extracellular ATP mediates its effect through two main families of membrane proteins, P2Y receptors that are G-protein-coupled receptors and P2X receptors (P2XRs) that are ATP-gated channels with high calcium permeability (Burnstock, 2007) . Seven P2XRs have been characterized (P2X1-7); they have a broad expression profile that encompasses a variety of functions. In non-neuronal cells, these receptors initiate critical functions such as muscle contractility, vasodilation or secretion, whereas in neurons they regulate cell excitability and synaptic transmission (North, 2002; Burnstock, 2007) . In sensory neurons, P2X3R and P2X2/3R have a well-established implication in pain processing (Wirkner et al, 2007) . However, in chronic pain, their functions are supplemented by the action of other P2XRs, especially those expressed by immune cells such as microglia (Trang et al, 2006) . P2X7R has been recognized as a key player of inflammation and pain (Chessell et al, 2005; McGaraughty et al, 2007) ; P2X7Rs are mainly expressed by myeloid cells and their activation provides a key physiological stimulus for the rapid activation of caspase-1 and subsequent release of the pro-inflammatory cytokine, IL-1b (Pelegrin and Surprenant, 2006) . Similarly, after nerve injury, P2X4Rs are expressed de novo in the spinal cord by activated microglia, brain-resident macrophages, where they mediate neuropathic pain and allodynia (Tsuda et al, 2003; Ulmann et al, 2008) . Recently, P2X4Rs have also been implicated in chronic inflammatory pain processing (Tsuda et al, 2009 ). Peripheral myeloid cells express different subtypes of purinergic receptors, including high levels of P2X4R (Wang et al, 2004) ; however, in the absence of subtype-specific antagonists, their functions in these cells are poorly documented. Yet, ATP has the ability to activate tissue-resident myeloid cells and is a powerful trigger of inflammation (Idzko et al, 2007) . Activation of P2XRs in immune cells, by eliciting sustained calcium influx, is therefore likely to have a crucial function in peripheral inflammatory responses (Bours et al, 2006) . In this study, using P2X4R-deficient mice, we examined whether P2X4Rs, which have a broad expression profile and high calcium permeability, might be involved in the initiation of peripheral inflammation.
Results

Impaired inflammatory pain behaviours in P2X4R-deficient mice
A cardinal feature of peripheral inflammation is pain. We thus analysed pain responses elicited by various inflammatory molecules in P2X4R-deficient mice, in particular formalin and carrageenan were used to induce acute chemical and inflammatory pain and complete Freund's adjuvant (CFA) to elicit long lasting inflammation. Injection of diluted formalin in the hindpaw elicits a stereotypic two-phase behavioural response, an early phase that depends on direct nociceptor stimulation and a delayed phase that is triggered by peripheral mechanisms (Le Bars et al, 2001) . Injection of 20 ml of 5% formalin in the hindpaw induced the typical biphasic behavioural response with no difference between wildtype (WT) and P2X4-deficient mice. However, when a lower amount of formalin was injected (15 ml), we observed an attenuation of both phases in WT mice, whereas in P2X4R-deficient mice, the second phase was essentially absent, while the acute phase was unaffected ( Figure 1A) . We next measured sensitivity to light mechanical stimuli (allodynia) induced by injection of carrageenan in the hindpaw. Two hours after injection, the threshold of paw withdrawal in response to mechanical stimuli was significantly higher in P2X4R-deficient mice compared with WT animals, whereas basal mechanical thresholds were the same between genotypes ( Figure 1B) . Similarly, long lasting mechanical hypersensitivity assessed 24 h, 3 and 4 days after CFA injection in the paw was totally absent in P2X4R-deficient mice ( Figure 1C) . mRNA expressing all P2XR subtypes, including P2X4R are expressed by DRG neurons (Collo et al, 1996) . We therefore analysed the ability of sensory neurons to convey nociceptive information to the spinal cord in P2X4R-deficient mice. Sensitivity to a nociceptive 501C heat stimulus measured using a hot-plate test was not different between WT and P2X4R-deficient mice ( Figure 1D ), although a slight, but significant higher sensitivity was observed in P2X4-deficient mice at temperatures above 521C. Next, we analysed sensitization of nociceptive neurons by pro-inflammatory molecules. Mechanical hypersensitivity elicited by injection of PGE2 (100 ng, 10 ml) in the paw was measured. At 30 and 60 min after PGE2 injection, the reduction of withdrawal threshold values was identical in WT and P2X4R-deficient mice ( Figure 1E ). Altogether, these results show that in P2X4R-deficient mice, impaired inflammatory pain behaviours do not result from deficit of nociceptors function. Left panel, no significant difference in nocifensive behaviour was observed between the two genotypes when 20 ml of formalin was injected. Right panel, behavioural response to 15 ml injection was attenuated in WT mice, and P2X4R-deficient mice show a significant reduction of phase 2 behaviour. N ¼ 6 mice per group. (B) Mechanical hypersensitivity induced by injection of carrageenan (15 ml, 1% in saline) was measured 2 h after injection. WT mice develop a strong hyperalgesic response compared with baseline (P ¼ 0.0004), which is significantly reduced in P2X4 À/À mice. N ¼ 6 animals per group. (C) Lack of long lasting inflammatory pain in P2X4R-deficient mice. Withdrawal threshold to mechanical stimulation was measured on injected side before and 24 h, 3 and 7 days after subcutaneous CFA injection in the paw. N ¼ 12 animals per group. (D) In the hot-plate test, there was no difference in latency between WT and P2X4 À/À mice at 501C. Note a slight hypersensitivity in P2X4 À/À mice at higher temperatures, N ¼ 10 animals per group. (E) Direct injection of PGE2 in the paw induces mechanical hypersensitivity in P2X4 À/À mice. Paw withdrawal threshold to mechanical stimulation was measured before, 30 and 60 min after PGE2 (100 ng, 10 ml) injection. N ¼ 6 mice per group. For all panels, results are expressed as mean±s.e.m., *Po0.05, **Po0.01, ***Po0.005, one-way ANOVA.
Impaired peripheral production of PGE2 in P2X4R-deficient mice We reasoned that if sensitivity to pro-inflammatory molecules is unaltered in P2X4R-deficient mice, pro-inflammatory molecules production by peripheral tissues during inflammation might be affected. Among the different pro-inflammatory agents produced during an acute inflammation, PGE2 was a likely candidate. Indeed, neutralizing anti-PGE2 antibodies prevent development of carrageenan-induced hyperalgesia (Portanova et al, 1996) . We thus analysed tissue-specific production of PGE2 after inflammatory challenges. Inflammation was induced by carrageenan injection and PGE2 levels were measured in paw exudates 2 h later. As expected, carrageenan injection induced a strong increase of PGE2 concentration in exudates of WT mice, which was completely abolished in P2X4R-deficient mice (Figure 2A) . Interestingly, PGE2 levels in non-challenged animals were the same between genotypes, indicating that homeostatic production of PGE2 is not altered in P2X4R-deficient mice. Similar experiments were performed at different time points after CFA injection ( Figure 2B ). Here also, PGE2 levels in paw exudates from P2X4R-deficient mice were significantly reduced 2 and 4 h post-CFA injection. Reduced CFA-mediated PGE2 production in P2X4-deficient mice correlated with a reduction of sensitivity to light mechanical stimuli. These results show that in inflammatory conditions, PGE2 release directly relies on P2X4R activity.
P2X7R promotes inflammatory pain behaviours that are very similar to those described in this study (Chessell et al, 2005; McGaraughty et al, 2007) . Recent studies have shown that P2X4R and P2X7R physically interact in myeloid cells (Nicke, 2008; Boumechache et al, 2009) , suggesting that altered pain phenotypes observed in P2X4R-deficient mice might result from an indirect downregulation of P2X7R. We thus analysed P2X7R expression in P2X4R-deficient mice. Western blot analysis of paw tissue and peritoneal macrophages shows that P2X7R expression was not reduced in WT and P2X4R-deficient mice. On the contrary, a small but consistent increase of P2X7 expression was observed (Supplementary Figure S1A and C) . Similarly, there was no obvious change of P2X7R expression in paw tissue 2 h after injection of carrageenan (Supplementary Figure S1C) . Furthermore, in P2X4R-deficient mice, CFA-induced increases in IL-1b and IL-6 in paw tissue were not different from WT animals, whereas it has been reported earlier that CFA-induced IL-1b or IL-6 production is severely impaired in P2X7R-deficient mice (Chessell et al, 2005) (Supplementary Figure S1D) . These results show that expression and functions of P2X7R are not reduced in P2X4-deficient mice.
Functional P2X4R are constitutively expressed in tissue-resident macrophages We next explored cell types that might be responsible for P2X4R-dependent PGE2 release. We focused our attention on tissue-resident macrophages that represent a wellcharacterized source of inflammatory PGE2. As shown in Figure 3A , in the CX 3 CR 1 þ /eGFP mice in which enhanced green fluorescent protein (eGFP) is expressed in all myeloid cells (Jung et al, 2000) , eGFP expressing cells were clearly present in paw tissue. These cells coexpressed the specific macrophage marker F4/80 and were positive for P2X4R immunostaining. In paw tissue, P2X4R immunostaining was almost exclusively restricted to eGFP-positive cells, demonstrating that in tissue, macrophages are the main cell type constitutively expressing P2X4R. Local recruitment of myeloid cells, such as inflammatory monocytes or neutrophils contributes to inflammatory pain hypersensitivity (Marchand et al, 2005) . One possibility is that recruitment of these inflammatory cells is impaired in P2X4R-deficient mice. To test this hypothesis, cellular phenotyping of paw tissue 2 h post-carrageenan injection was performed in CX 3 CR 1 þ /eGFP mice. No substantial change in the number of monocytes expressing eGFP or F4/80 was observed in paw tissue, as compared with control ( Figure 3B ). Similarly, western blot analysis indicated that P2X4R expression in paw was unaffected at this time ( Figure 3C ). Recruitment of neutrophils was assessed by GR1 staining or by measuring myeloperoxidase (MPO) activity. Here again, no recruitment of neutrophils could be detected 2 h after injection of carrageenan, whereas clearly present 24 h after CFA injection ( Figure 3D and E). Thus, paw-resident macrophages are likely to be the main cell type expressing P2X4R, contributing to carrageenan-evoked PGE2 release. One of the hallmarks of P2X4 channels is their high calcium permeability close to that of NMDA receptors (Egan and Khakh, 2004) . We therefore investigated whether P2X4R mediates calcium influx in resident macrophages of the peritoneal cavity. We first examined expression of P2X4R ATP (20 mM) was applied for 10 s three times every 2 min and then a fourth application was made in the presence of ivermectin (IVM, 3 mM). The rundown of ATP-induced calcium signals was much more pronounced in P2X4R-deficient macrophages, and it was not reversed by IVM. (D) Population analysis of ATP-induced calcium signals as described in (C) and performed in the presence of A-740003 (10 mM) a specific P2X7 antagonist (hatched bars). Fluorescence ratios were normalized to the mean of F 340 /F 380 ratio measured for the first ATP application. N450 cells. *Po0.05, **Po0.01, ***Po0.005, one-way ANOVA. strong expression of P2X4R, ruling out a potential induction of P2X4R expression during culture ( Figure 4B ). Next, we analysed ATP-induced intracellular calcium signals in peritoneal macrophage using Fura-2 calcium probe and videomicroscopy. Calcium signals were induced by three applications of 20 mM ATP (10 s) every 2 min, followed by a forth application in the presence of 3 mM ivermectin (IVM), a specific positive allosteric modulator of P2X4R (Khakh et al, 1999) . Using this paradigm, repetitive ATP stimulations of WT macrophages induced calcium signals with a slight rundown over time (88.64±3.6% of the signal recorded on the first ATP application), which can be fully reversed by a subsequent ATP stimulation in the presence of IVM (109 ± 10% compared with the first application) ( Figure 4C and D). In P2X4R-deficient macrophages, repetitive application of ATP induced a significant rundown of calcium signals (65.5 ± 6.3% compared with the first application) that could not be reversed by IVM (62.5 ± 8% compared with the first application). ATP-induced calcium signals were not affected by coapplication with 10 mM A-740003 a specific P2X7R antagonist (Honore et al, 2006) . At the same concentration, A-740003 completely abolished P2X7-mediated YO-PRO-1 uptake in macrophages (Supplementary Figure S1E) . These results show that in macrophages, calcium influx through P2X4 channels contributes significantly to ATP-induced calcium signals. In addition, these data establish the specificity of IVM as a pharmacological tool to assess native P2X4R functions.
P2X4R activation evokes AA and PGE2 release from macrophages
Recent studies have provided evidence that P2X4R-evoked calcium influx mediates the phosphorylation and subsequent activation of p38-MAPK (Trang et al, 2009 ). Both intracellular calcium and p38-MAPK are critical activators of cPLA2, one of the main AA releasing enzymes in macrophages (Gijon et al, 2000) . We thus tested whether P2X4R activation could activate cPLA2 and trigger AA release. ATP-induced [ 3 H]AA production was measured from WT and P2X4R-deficient LPS-primed cultured macrophages. In WT macrophages, ATP (50 mM) induced [ 3 H]AA release that was two-fold larger in the presence of IVM (3 mM) ( Figure 5A ). In P2X4R-deficient macrophages, ATP-induced [ 3 H]AA release was significantly reduced and not enhanced by IVM. We next analysed whether P2X4R-induced AA synthesis could lead to PGE2 release. In WT macrophage cultures, ATP stimulation induced a three-fold increase of PGE2 release over basal levels, and ATP-induced PGE2 release was potentiated by IVM ( Figure 5B ). In cultures from P2X4R-deficient mice, basal release of PGE2 was significantly reduced compared with WT and ATP/IVM stimulation failed to induce PGE2 release. Furthermore, ATP/IVM-induced PGE2 release was reduced by omission of extracellular calcium or after pretreatment with the p38 MAPK inhibitor, SB203580 (10 mM). Finally, ATP-induced PGE2 release was completely abolished by the non-selective COX inhibitor indomethacin (20 mM) or by the selective COX2 inhibitor NS-398 (10 mM) ( Figure 5B ).
Western blot analysis and immunostaining indicated that neither the expression of cPLA2 nor its induction by LPS treatment was affected in P2X4R-deficient macrophages ( Figure 5C ). Similarly, LPS-dependent transcriptional upregulation of COX2 was not altered in P2X4R-deficient macrophages ( Figure 5D ). In microglia, P2X4R stimulation induced activation of p38 MAPK (Trang et al, 2009) ; we tested whether this regulation also occurred in macrophages. As shown in Figure 5E , in WT macrophages, ATP stimulation increased the phosphorylation of p38 MAPK, whereas such stimulatory effect was essentially absent from P2X4R-deficient cells. ATP-mediated p38 stimulation is not mediated by P2Y12 since, as reported earlier (Haynes et al, 2006) , macrophages do not express this receptor (Supplementary Figure S2) .
Altogether, these results show that in macrophages, P2X4R activation leads to COX-dependent PGE2 release by stimulating cPLA2 activity in a calcium-and p38 MAPK-dependent manner.
Acute adoptive transfer of P2X4R-stimulated macrophages induces COX-dependent mechanical hypersensitivity
The above results show that reduced inflammatory pain behaviours in P2X4R-deficient mice are due to impaired production of PGE2, and that in vitro P2X4R activation elicits PGE2 release from macrophages. To establish a direct link between these two observations, we used acute adoptive macrophage transfer experiments. Cultured peritoneal macrophages from CX 3 CR 1 þ /eGFP or (CX 3 CR 1 þ /eGFP X P2X4 À/À ) mice were stimulated with ATP and injected in the hindpaw of WT mice; withdrawal thresholds to light mechanical stimulation were then measured every 15 min during a 2 h period.
Transfer of ATP-stimulated CX 3 CR 1 þ /eGFP macrophages induced the development of a biphasic mechanical hypersensitivity that peaked 15 and 60 min after injection, whereas that of unstimulated macrophages only induced the early phase and withdrawal thresholds returned to baseline value within 60 min ( Figure 6A ). Transfer of CX 3 CR 1 þ /eGFP macrophages pretreated with indomethacin (20 mM) before ATP/IVM stimulation totally prevented development of pain hypersensitivity in recipient mice ( Figure 6B ). These later experiments also demonstrate that ATP and IVM coinjected with the cells do not contribute to mechanical hypersensitivity. When similar experiments were performed with P2X4R-deficient macrophages stimulated with ATP/IVM, the second phase was abolished and baseline threshold was reached within 60 min after injection ( Figure 6C) ; Furthermore, transfer of ATP/IVM-stimulated CX 3 CR 1 þ /eGFP macrophages in P2X4R-deficient mice induced both phases of hypersensitivity. Although hypersensitivity disappeared 2 h after injection, transferred CX 3 CR 1 þ /eGFP macrophages were still present in paw tissue 6 h later ( Figure 6D ). As in these experiments macrophages were not LPS treated, this suggests that in the absence of inflammatory challenge, there is no endogenous release of ATP. Furthermore, it is likely that exogenous administered ATP is rapidly degraded by ectonucleotidases (Picher et al, 2004) , thus only provoking transient P2X4R-dependent PGE2 release. Altogether, our data show that in macrophages, P2X4R stimulation triggers PGE2 release that is directly related to mechanical hyperalgesia.
Discussion
Our findings show that P2X4R-deficient mice display reduced inflammatory pain behaviours and an impaired production of À/À macrophages ATP-evoked [ 3 H]AA is reduced and IVM has no effect. N ¼ 5 independent experiments, one-way ANOVA, *Po0.05, ***Po0.005. (B) Stimulation of WT macrophages with ATP (50 mM) induced a three-fold increase of PGE2 release over baseline, which was further increased by IVM (3 mM). ATP-evoked PGE2 release was reduced in the absence of extracellular calcium and totally inhibited by pretreatment with p38 MAPK inhibitor SB203580 (10 mM), or with the COX inhibitors indomethacin (indo, 20 mM) or NS-398 (NS, 10 mM). Note that in P2X4 À/À cells, basal PGE2 levels are reduced and that ATP/IVM do not trigger PGE2 release. To allow for inter-experiment comparisons, results were normalized to the mean concentration of PGE2 in WT control conditions, for each given experiment. N ¼ 3 independent experiments, one-way ANOVA, **Po0.01, ***Po0.005. ND, not detectable. 
(D) Transcriptional regulation of COX2 by LPS is not altered in P2X4
À/À bone marrow-derived macrophages. Expression of COX2 mRNA was quantified in bone marrow-derived macrophages culture treated or not with LPS (1 mM, 6 h) from WT and P2X4R-deficient mice. Results are mean±s.e.m. of three independent experiments. One-way ANOVA, ***Po0.001. (E) Top panel, representative western blot analysis indicating that ATP (20 mM) induces an increase of P-p38 MAPK in WT but not in P2X4 À/À macrophages. Bottom panel, quantification of N ¼ 3 independent experiments, one-way ANOVA, *Po0.05.
PGE2 in peripheral tissue in response to inflammatory challenges. We identified paw-resident macrophages as the main cell type responsible for P2X4R-evoked PGE2 production, and we demonstrate that in macrophages, P2X4R activation triggers the necessary intracellular signals leading to the activation of cPLA2/COX pathway and PGE2 synthesis. P2X4R deletion did not affect basal tissue levels of PGE2, while strongly reducing carrageenan-or CFA-induced PGE2 release. These observations identify P2X4Rs as key receptors mediating inflammatory PGE2 release in vivo and support their specific involvement in inflammation. Our behavioural analysis of P2X4-deficient mice show that P2X4Rs mediate both acute and long lasting inflammatory pain but are not involved in acute nociception. A recent study also performed in P2X4-deficient mice provided essentially similar results (Tsuda et al, 2009 ). However, we observed reduced nocifensive behaviours to formalin in P2X4-deficient mice when a lower amount of formalin was injected in the paw. Intensities of formalin-induced responses are dose dependent (Le Bars et al, 2001) . It is therefore possible that higher formalin concentrations trigger additional cellular mechanisms that are independent of P2X4Rs, such as direct activation of TRPA1 channels (McNamara et al, 2007) . Peripheral EP2 PG receptors are likely to mediate formalininduced nocifensive behaviours (Hosl et al, 2006) . This is in good agreement with our present data showing that peripheral inflammatory challenges lead to local P2X4R-dependent PGE2 release.
Other P2XRs have been reported to mediate inflammatory pain responses. Particularly, genetic or pharmacological inhibitions of non-neuronal P2X7Rs result in similar alteration of pain behaviours as seen in P2X4-deficient mice. Recent studies have suggested that P2X4 and P2X7 subunits are likely to physically interact, although they do not appear to form heteromeric channels (Nicke, 2008; Boumechache et al, 2009) . One interpretation could be that p2x4 gene deletion might affect P2X7R expression and functions, thus indirectly altering inflammatory pain processing. Our results clearly show that expression of P2X7R is not reduced in tissue or macrophages from P2X4-deficient mice. On the contrary, a small increase of P2X7R expression was repeatedly observed in tissue of P2X4R-deficient mice; similar results have been described in microglial cells . In addition, we show that CFA-induced elevations of IL-1b and IL-6, that are impaired in P2X7R-deficient mice (Chessell et al, 2005) , are identical in WT and P2X4R-deficient mice. P2X4R and P2X7R are thus likely to contribute to peripheral inflammatory pain through the activation of independent cellular signalling pathways.
Tissue-resident macrophages express other purinergic receptors. In macrophage cell lines, ATP is a known activator of cPLA2, producing AA and a variety of pro-inflammatory lipids including PGE2 (Balboa et al, 1999; Buczynski et al, 2007) . We cannot totally exclude that other purinergic receptors contribute to ATP-mediated PGE2 release, particularly through intracellular calcium increase. Indeed, in P2X4R-deficient cells, ATP triggers residual intracellular calcium increase, likely mediated by P2Y2 receptors (Bowler et al, 2003; Wang et al, 2004) . Our data show that reducing extracellular calcium is sufficient to abrogate ATP-evoked PGE2 release, suggesting that calcium influx through P2X4 channels is necessary, if not sufficient, to activate cPLA2.
Microglia, brain-resident macrophages, express high levels of the P2Y12R (Haynes et al, 2006; Avignone et al, 2008) , which is known to mediate neuropathic pain processing through activation of the p38-MAPK pathway (Kobayashi et al, 2008; Tozaki-Saitoh et al, 2008) . However, we observed that paw-resident macrophages do not express P2Y12R receptors, as suggested earlier (Haynes et al, 2006) . Altogether, these findings support that PGE2 release from tissue-resident macrophages in response to acute inflammatory challenge is likely to be mediated by P2X4R. Yet, the mechanisms by which inflammatory agents such as carrageenan or CFA lead to P2X4R activation still remain to be elucidated. Studies have proposed that activation of Toll-like receptors (TLR) triggers ATP release from monocytes (Ferrari et al, 1997; Piccini et al, 2008) . Carrageenan or CFA are known to activate TLR4 (Bhattacharyya et al, 2008) and can conceivably induce TLR-dependent ATP release and autocrine activation of P2X4Rs.
In peritoneal or alveolar macrophages, P2X4R-mediated currents displayed very small amplitude, raising questions about the function of this receptor in these cells (Bowler et al, 2003; Sim et al, 2007) . One of the hallmarks of P2X4R is the very high calcium permeability (Egan and Khakh, 2004) . Using calcium imaging, we show that, in peritoneal macrophages, activation of P2X4R contributes significantly to ATP-induced calcium signals. We also defined a specific calcium signature for P2X4R characterized by a slow run down that can be reversed by IVM. These data are consistent with studies suggesting that once activated, P2X4R internalizes through clathrin-dependent endocytosis (Royle et al, 2005) . IVM, by reducing receptor internalization, enhances P2X4R-evoked responses (Toulme et al, 2006) . Despite the alleged poor specificity of IVM (Dawson et al, 2000) , our data using P2X4R-deficient macrophages provide convincing evidence for the specificity of IVM positive allosteric modulation of P2X4R. Thus, IVM represents a useful tool to address P2X4R functions while awaiting the development of specific antagonists.
Calcium influx through P2X channels can bind to specific proteins and activate intracellular calcium-dependent pathways . During inflammation, cytosolic PLA2 has a central function in AA release and PGE2 synthesis from macrophages (Bonventre and Sapirstein, 2002) , and consequently its activity is highly regulated. Increase in intracellular calcium is an absolute requirement for cPLA2 activity, which is enhanced by p38 MAPK phosphorylation (Gijon et al, 2000) . Our data show that, in macrophages, P2X4R activation triggers calcium influx and phosphorylation of p38 MAPK. In addition, we provide a direct demonstration that ATP-induced PGE2 release depends on P2X4R-mediated calcium influx and p38 MAPK activity, consistent with a direct activation of cPLA2 by P2X4R. Similar synergies between P2X4R-evoked calcium influx and p38 MAPK activation have been involved in the regulation of BDNF secretion from microglia as well as in the facilitation of synaptic transmission in the spinal cord (Gong et al, 2009; Trang et al, 2009 ). Thus, intracellular calcium and p38 MAPK are common intracellular messengers downstream of P2X4Rs that can trigger specific cellular functions, depending on the cell type in which the receptors are expressed.
AA is metabolized by two main enzymatic pathways, lipoxygenase (LOX) and COX, resulting in the synthesis of pro-inflammatory leukotrienes and prostanoids, respectively (Samad et al, 2002) . P2X4R-evoked AA release could also be metabolized though the LOX pathway producing the pro-inflammatory leukotriene LTB4, which is known to promote inflammation though its neutrophil chemoattractant properties (Guerrero et al, 2008) . However, we found no evidence for the presence of neutrophils after injection of carrageenan, whereas pain hypersensitivity had already developed and neutrophil recruitment was not affected in P2X4R-deficient mice in long lasting inflammatory conditions. Furthermore, in the macrophages transfer experiments, COX inhibition is sufficient to abolish pain hypersensitivity, suggesting a preferential coupling between cPLA2 and COX enzymes (Takano et al, 2000) . Altogether, our results suggest that P2X4R preferentially activates the cPLA2-COX pathway at least during the acute phase of inflammation, although we cannot exclude the involvement of the LOX pathway, which depends on sustained intracellular calcium increase (Buczynski et al, 2007) , at later time points of inflammation.
One question is whether P2X4R can also mediate PGE2 release in other pathologies, particularly within the CNS. In neuropathic pain or neurodegenerative diseases, both neurons and microglia support PGE2 biosynthesis (Block and Hong, 2005; Vardeh et al, 2009 ). There are now strong data for an upregulation of P2X4Rs in activated microglia in chronic brain disease (Avignone et al, 2008) as well as for its expression in different neuronal population. Therefore, dual expression of P2X4R and COX2 in neurons or microglia could conceivably promote PGE2 release and inflammation associated with chronic brain diseases or sustained neuronal activity.
Here, we identify P2X4R as the main trigger of inflammation-evoked PGE2 synthesis in vivo. We provide evidence that the restricted expression of P2X4Rs in tissue-resident macrophages accounts for the specific link between P2X4R and inflammatory-dependent PGE2 release. Beyond inflammatory pain, P2X4Rs expressed by resident myeloid cells, by virtue of their high calcium permeability may also contribute significantly to other types of inflammation such as airway inflammation in which purinergic receptors have clearly been involved (Idzko et al, 2007) . Hence, P2X4Rs represent a potential therapeutical target alternative to traditional NSAID that could specifically limit PGE2 production during inflammatory events.
Materials and methods
Targeting of the P2X4 gene and generation of mutant mice
Mice carrying a targeted null mutation of the P2X4 gene have been described elsewhere (Sim et al, 2006) . Briefly, a b-galactosidaseneomycin cassette was inserted in place of the coding sequence of the first exon of the p2x4 gene. In the resulting allele, the P2X4 promoter drives b-galactosidase expression. Mice were backcrossed on C57Bl6/J for at least 20 generations and were housed in groups of 5-12 under a standard 12-h light/dark cycle with food and water available ad libitum. All testing began when the mice were between 6 and 12 weeks of age and were sex matched. All procedures fully complied with French legislation (décret 87-848, 19 October 1987, and order, 19 April 1988) , which implement the European directive (86/609/EEC) on research involving laboratory animals, and were performed according to the requirements of CNRS ethical standards.
Generation of CX 3 CR 1
þ /À X P2X4 À/À mice CX 3 CR 1 À/À mice obtained from the Jackson Laboratory were crossed with P2X4
À/À mice to obtain double heterozygote animals, which were further intercrossed. All mice were genotyped for each allele.
Macrophage culture
Macrophages were obtained from peritoneal cavity lavage. After euthanasia, the peritoneal cavity was injected with 10 ml of DMEM containing antibiotics and the abdomen was gently rubbed. Peritoneal lavage was collected through a 21-gauge needle. After washes, cells were plated in 24-well dishes and non-adherent cells were flushed 2 h later. Where indicated, macrophages were activated for 6 h with 1 mg/ml LPS. Cytometric analysis of cultured macrophages from CX3CR1 þ /À mice indicated that 85-95% of cells expressed GFP. þ / þ and P2X4 À/À peritoneal macrophages were incubated with [ 3 H]AA (6.6 mCi/ml) overnight, unincorporated radioactivity was discarded. Cells were then activated with 1 mg/ml LPS for 6 h and the medium was collected for counting. After washes, macrophages were stimulated with ATP (50 mM) alone or in combination with IVM (3 mM) for 10 min and media collected. Cells were collected from tissue dishes to measure residual radioactivity. Radioactivity present in all fractions was measured by scintillation counting.
PGE2 assay
Macrophages were cultured and stimulated as described for [
3 H]AA assay. Where indicated, cultures were pretreated with indomethacin (20 mM, Sigma) or NS398 (10 mM, Cayman Chemical) before stimulation. PGE2 concentration in macrophage culture supernatant was measured in duplicate using PGE2 metabolite EIA system (Cayman Chemical) according to the manufacturer's instructions.
To determine PGE2 levels in inflamed tissue, 2 to 4 h after inflammation, mice were euthanized and subsequently indomethacin (30 ml, 20 mM) was injected in the paw to avoid further activation of COX. After dissection, paw exudates were collected by centrifugation (10 000 g, 10 min). After appropriate dilution, PGE2 concentrations in individual paw exudates were measured in duplicate as described for cell culture supernatant. Results are means±s.e.m. of three independent animals. All experiments were replicated three times.
Formalin test
Mice were placed in individual plexiglass cages and allowed to acclimatize to the testing environment for 15 min. Formalin (5%, 15 or 20 ml in PBS) was then injected into the left hindpaw. The length of nocifensive events (paw flinching, licking, bitting) for each animal was recorded during 5-min periods with a stopwatch.
Carrageenan-induced inflammatory mechanical hyperalgesia
Carrageenan (30 ml, 1% in PBS) was injected subcutaneously in the plantar hindpaw of two groups of six animals. Mechanical hyperalgesia was measured using an Ugo-Basile Dynamic Plantar test aesthesiometer 37450 (Bioseb), with a progressive pressure (cutoff 0.5 g/s for 10 s). Measurements were made in triplicate prior and 60 and 120 min after carrageenan injection.
PGE2 and CFA induced mechanical hypersensitivity PGE2 (100 ng, 10 ml) or CFA (30 ml) were injected in paw and mechanical hyperalgesia was measured using an analgesimeter as previously described Ulmann et al (2008) . After the establishment of baseline thresholds, withdrawal thresholds were measured at 30 and 60 min post-PGE2 injection or 24 h later for CFA. Acute mechanical hyperalgesia to CFA injection was measured 2 and 4 h after injection using the Ugo-Basile Dynamic plantar test aesthesiometer as described earlier.
Macrophage transfer and mechanical hypersensitivity measurements
Cultures of non-LPS-primed macrophages were prepared as described above, except that cells were seeded on RepCell temperature-responsive dishes (CellSeed), which allow for temperature-dependent cell detachment. After 24 h in culture, dishes were placed at 201C for 15 min and cells were detached by gentle flushing. After washes, 5 Â10 5 cells were placed in collection tube in 800 ml DMEM and stimulated with 50 mM ATP±3 mM IVM for 10 min at 371C; 30 ml of stimulated cell suspension were injected in the hindpaw without further wash. Pretreatment with indomethacin (20 mM) was performed for 30 min before cell detachment and stimulation. Mechanical hypersensitivity was measured using an Ugo-Basile Dynamic Plantar test aesthesiometer as described earlier. For each mouse, ipsilateral thresholds were measured in triplicate every 15 min for 2 h. Four to eight mice were used for each point.
Measurement of MPO activity
The neutrophil content in paw was evaluated using a MPO colorimetric assay. Paws were collected 2 h after carrageenan or 24 h after CFA injection and dissociated in phosphate buffer containing 0.5% hexadecyl trimethylammonium bromide. After three cycles of freezing and thawing, 20 ml of supernatant were mixed with phosphate buffer containing 0.167 mg/ml O-dianisidine dihydrochloride and 0.0005% hydrogen peroxide. The MPO activity was assayed spectrophotometrically at 450 nm.
Cytokines profiling
Paw samples from the 24 h post-CFA treated and untreated P2X4 À/À and P2X4 þ / þ mice were dissected and homogenized in PBS containing 'complete' protease inhibitor cocktail (Roche) using a Mixer Mill MM300 (Qiagen). Homogenates were centrifuged and supernatants were harvested. Cytokine content was analysed by Luminex using a BioPlex cytokine kit (Bio-Rad Laboratories) following the manufacturer's instructions.
Immunohisto-and cytochemistry
The following antibodies were purchased from commercial sources and used at the indicated dilution: mouse anti-b-galactosidase (1/50 000, Promega), mouse anti-cPLA2 (1/300, Santa Cruz), rat anti-mouse F4/80 (1/1000, AbD Serotec), rat anti-mouse GR1 (1/1000, AbD Serotec) and rabbit anti-rat P2X7 (1/500, Alomone Labs). Rabbit anti-mouse P2X4 antibody (1/500) was produced in the laboratory. Rabbit anti-mouse P2Y12R antibody (1/1000) was a gift from Professor Julius (Haynes et al, 2006) .
Mice were lethally anaesthetized with 5% pentobarbital and tissues were fixed through a trans-cardiac perfusion of 4% paraformaldehyde in PBS and post-fixed overnight. Vibratom paw sections (30 mm) were permeabilized in PBS containing, 0.1% Triton X-100 and 10% fetal calf serum for 30 min at room temperature and then incubated overnight at 41C with primary antibody. After three washes in PBS, sections were incubated for 2 h with appropriate secondary antibody. Sections were mounted and observed on a Bio-Rad MRC 1024 laser scanning confocal.
For immunocytochemistry, macrophages plated on cover slips were fixed for 10 min with 4% paraformaldehyde in PBS and treated as described earlier. Image acquisitions were performed with DMRA2 microscope (Leica).
Western blot
Primary macrophages or paw tissues were homogenized in lysis buffer (20 mM Hepes, pH 7.4, 100 mM NaCl, 5 mM EDTA, 1% Triton X-100 and Complete Protease Inhibitor cocktail (Roche)). Lysates were clarified by centrifugation and protein concentration from tissues determined using protein assay kit (Bio-Rad). Proteins were separated on 12-4% NuPage precast gel (Invitrogen), and transferred on nitrocellulose membrane. The membrane was blocked with 5% non-fat dry milk/0.5% Tween 20 in Tris-buffered saline (TBST) overnight at 41C. The membrane was then incubated overnight at 41C with antibody diluted in TBST as indicated above or using rabbit anti-P2X4 (1/300, Alomone Labs), mouse antitubulin (1/2500, Sigma), mouse anti-p38 and anti-phospho-p38 (1/ 1000, Cell Signaling). After washes in TBST, the membrane was then treated with horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature and revealed with ECL þ detection kit (Amersham). Western blots were analysed using Image J analysis software (NIH) to quantify band intensity and the data normalized to control conditions.
Quantitative PCR analysis
Total RNA from macrophage cultures was extracted with Trizol. A measure of 2 mg of total RNA were reverse transcribed using random hexamers and SuperScript III First-Strand Synthesis System (Invitrogen) according to the manufacturer's instructions. Realtime PCR was performed by using SYBR Green dye detection according to the manufacturer's instruction (SYBR Green PCR Master Mix, Roche) on the LightCycler480 system. PCR reactions were performed in a 10 ml volume containing 2.5 ml of diluted RT product, 1 ml of forward and reverse primers (GAPDH: Mm_Gapdh_3_SG, COX2: Mm_Ptgs2_1__SG, QuantiTect Primer Assay; Qiagen) and 5 ml of PCR master mix. Negative controls using non-reverse-transcribed RNA were performed simultaneously. For each reaction, Cq was determined using the 2nd Derivative Max tool of LightCycler480 software. The relative ratios of specifically amplified cDNAs were calculated using the DCq method (Pfaffl, 2001) . RNA from two independent cultures were used in this study. All four experimental conditions (P2X4
À/À and P2X4
À/À _LPS) were processed at the same time. For each RNA sample, two reverse transcriptions were performed and analysed.
Video microscopy
The functional expression of P2X4 receptors was evaluated by recording the changes in the cytoplasmic Ca 2 þ concentration using the ratiometric fluorescent probe Fura-2. Macrophages were loaded with 2 mM of Fura-2 acetoxymethyl ester (Fura-2/AM, Invitrogen), 0.5% BSA in the recording saline solution containing (in mM): 135 NaCl, 5 KCl, 2 CaCl 2 , 2 MgCl 2 , 10 glucose, 10 Hepes, pH 7.4. After 1 h incubation at room temperature, cells were washed three times. The Metafluor Imaging system (Molecular Devices) was used for fluorescence acquisition and analysis of individual cells. Fluorescence was excited by illumination through Â 20 water immersion objective with a light wavelength switch provided by a DG4 filter wheel and detected with a CCD camera under the Metafluor software control. Pairs of images were acquired every 2 s. Intracellular calcium is expressed throughout as the fluorescence ratio F 340 /F 380 , calculated after background subtraction. For YO-PRO uptake, cells were incubated for 10 min with YO-PRO (1 mM, Invitrogen) in a divalent-free solution containing (in mM): NaCl 145, KCl 3, CaCl 2 0.1, Hepes 10, pH 7.3 and stimulated with 1 mM ATP±10 mM A-740003 in the low divalent solution for 1 min. Fluorescence was excited at 350 nm and emitted light was collected above 540 nm. Images were acquired every 2 s. Results are expressed as the mean fluorescence expressed in arbitrary units of all recorded cells (N450). A-740003 was custom synthesized (ArtMolecule, Poitiers, France). Experiments were performed at room temperature (22-261C). Drugs were applied locally through a second multi-channel gravity-fed perfusion system controlled by solenoids, whereas control saline was applied using an independent perfusion. ATP (20 mM) or ATP and IVM (3 mM) were applied alternatively for 10 s every 2 min.
Statistics
Difference between groups were assessed using Student's t-test, or for multiple comparisons between groups by a one-way ANOVA followed by a Bonferroni post hoc test (Prism 2; GraphPad Software).
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
